Vitamin D is essential to bone health; severe and prolonged deficiency can lead to rickets in children and osteomalacia in adults. As the main source of vitamin D is exposure of the skin to ultraviolet rays, it has long been assumed that living in a sunny country ensures adequate vitamin D levels (i.e. the optimum level of serum vitamin D to prevent detrimental effects to bone health). However, there is increasing evidence that vitamin D insufficiency may have been underestimated in low latitude, tropical countries. Brazil is a unique country to study as it is the only country in the world that has both the line of equator and that of the tropic of Capricorn running through its territory. Recent findings of a high prevalence of vitamin D insufficiency in countries, such as Brazil, suggest that vitamin D deficiency may be increasing at a global level. More robust and large studies are needed for an accurate estimate of the prevalence of insufficient vitamin D levels in populations in sunny countries and the relative contribution of key influential factors, such as individual sun exposure, dietary intake, skin pigmentation and lifestyle.
Introduction
Vitamin D is a prohormone that can be photochemically produced in the skin as well as ingested through diet. The two main forms of vitamin D, ergocalciferol (vitamin D 2 ) and cholecalciferol (vitamin D 3 ) , are naturally present in foods such as oily fish, milk, eggs and wild mushrooms (although in small quantities). The majority of vitamin D (up to 90%) is acquired via the action of sunlight on the skin, converting 7-dehydrocholesterol to vitamin D 3 . Vitamin D 3 , from all sources, then undergoes two hydroxylation processes, one in the liver and the other in the kidneys, to become the active form 1,25-dihydroxyvitamin D (DeLuca 2004; Holick et al. 2011) .
Vitamin D plays an important and well-recognised role in maintaining adequate serum calcium concentrations and bone health (DeLuca 2004; Holick et al. 2011; Lanham-New et al. 2011) . More recently, vitamin D status has been linked to several other health outcomes and diseases. However, data are largely observational and there is a lack of robust evidence from randomised controlled trials to determine causality.
New reports of a high prevalence of vitamin D deficiency around the globe have intensified the discussion about the appropriateness of current recommendations for optimal levels. A recent study applying the Vitamin D Standardized Program (VDSP) protocol in 14 European population studies reported that 13.0% of the 55 844 individuals presented serum 25-hydroxyvitamin D (25OHD; the measure of vitamin D in the blood) concentrations below 30 nmol/l, on average, regardless of age group, ethnic mix and latitude (Cashman et al. 2016) . However, in sunny countries, due to the long-held assumption that vitamin D deficiency is not a problem, population 25OHD concentrations have not been routinely tested. Nevertheless, emerging research suggests that vitamin D deficiency might be a much bigger issue than expected, even in sunny locations. Furthermore, due to the number of factors besides sunlight exposure that may affect vitamin D production, it may no longer be appropriate to assume that linear latitude gradient is the most important determinant of vitamin D status. These recent reports have sparked discussions regarding the need to define country-and ethnic-specific recommendations for sunlight exposure and vitamin D dietary intake in different parts of the world (Raiten & Picciano 2004; Lanham-New et al. 2011; Palacios & Gonzalez 2014; Cashman et al. 2016; Liu et al. 2018) .
The sunshine vitamin
Vitamin D is commonly known as the 'sunshine vitamin' due to solar ultraviolet (UV) radiation being its primary source (Holick 2007a) . Between latitudes 40°N orth and 40°South, there is relatively high and definitely sufficient UVB radiation to produce vitamin D in the skin throughout the year. By contrast, in latitudes outside this range, there is no available UVB radiation during wintertime and people in those locations must rely on food sources and supplementation to maintain serum vitamin D at a sufficient level (Holick 2007a,b; Kimlin et al. 2007a,b; Diehl & Chiu 2010; Lanham-New et al. 2011) . Exposure of face and arms to the adequate sunlight wavelength (UVB radiation of 290-370 nm) for 15-30 minutes, from 11 am-3 pm daily, should be enough to maintain adequate vitamin D status (Holick 2007a) . Therefore, geographical location is considered the most important determinant of vitamin D status.
Besides latitude, there are a range of other factors that can affect vitamin D synthesis in the skin, such as sex, adiposity, clothing habits, cloud cover, pollution, skin pigmentation and genetic factors (Kimlin et al. 2007a,b; Lagunova et al. 2009; Diehl & Chiu 2010) . In addition, due to sunlight exposure increasing the risk of skin cancer, especially in sunny countries, sun avoidance and/or protection and regular use of sunscreen are recommended in many countries, and this may have had an adverse influence on vitamin D status (Correia et al. 2014) .
Emerging evidence on the prevalence of vitamin D deficiency in sunny countries suggests that, despite the abundance of sunlight, there might be a public health issue (Bandeira et al. 2010; Correia et al. 2014; Maeda et al. 2014) . The complex relationship between sun availability and actual exposure and vitamin D serum concentrations requires further investigation. There is still a lack of understanding on the relative contribution of individual differences in behaviour, physiological characteristics and diet on 25OHD status.
Vitamin D optimal status and dietary recommendations
The definition of optimal 25OHD status remains controversial and continues to be debated within the scientific community. Cut-off levels for vitamin D deficiency and insufficiency vary between different international advisory bodies. For example, 25OHD status <25 nmol/l is defined as deficiency by the UK Scientific Advisory Committee on Nutrition (SACN), <50 nmol/ l is defined as insufficiency by the US Institute of Medicine (IOM) and 75 nmol/l is defined by the US Endocrine Society as the minimum level to avoid detrimental effects to health (Holick et al. 2011; Ross et al. 2011; SACN 2016) . Nonetheless, there is general consensus that levels should not fall below 25 nmol/l in order to prevent poor bone health (Buttriss 2015) . The most common criteria used to define these proposed minimum thresholds include the suppression of parathyroid hormone secretion, higher bone mineral density, reduced rates of bone loss and decreases in fractures and falls (Holick 2007a) .
There is also much debate regarding the method used to measure 25OHD serum concentrations and the potential confounding due to the time of year of sampling. These factors are likely to contribute to the differences seen between studies, potentially masking or confounding any true biological differences and limiting between study comparisons (Millen & Bodnar 2008; Herrmann et al. 2017) . Physiological factors, such as sex, age, anthropometric characteristics and current health conditions, could also confound results (Millen & Bodnar 2008; Lagunova et al. 2009; Diehl & Chiu 2010) . Measurement of not only absolute sunlight availability but also how much of that sunlight actually reaches the skin according to clothing habits, sun avoidance, sunscreen use and lifestyle (i.e. physical activity outdoors, habit of walking as primary locomotion option, natural or artificial sunbathing, etc.) is required. Whilst diet is considered a minor contributor to vitamin D status, due to few foods being natural sources and the amount being low in those that do contain vitamin D, for most populations, it tends to make a small but steady contribution and is not negligible.
In 2016, a new year-round reference nutrient intake (RNI) of 10 lg/day for those aged ≥4 years and also for pregnant and lactating women and population groups at increased risk of vitamin D deficiency was proposed for the UK (SACN 2016). For infants and children, SACN recommends a 'safe intake' of 8.5-10 lg/day for all infants from birth to 1 year of age, and a 'safe intake' of 10 lg/day for children aged 1-4 years. Before the new RNI, there was no specific dietary recommendation in the UK for the general population aged 4-64 years due to the assumption that stores of 25OHD obtained during summer sun exposure last throughout wintertime (Buttriss 2015) . The US IOM currently recommends a higher daily intake of 15 lg/day of vitamin D for individuals aged between 1 and 70 years, and 20 lg/day for those >70 years (Ross et al. 2011) . It is worth noting that most of the published recommendations for obtaining optimal vitamin D status, including sufficient sunlight exposure and dietary intake, are based on research on Caucasian populations and issued by countries located in high latitudes, with varying recommendations for groups at a higher risk.
Vitamin D status and intake in Brazil
Brazil is the largest and most populous country in South America. It has an area of 8.5 million km 2 and a population of over 200 million people, with its territory lying between latitudes 5°North and 33°South. According to latest National Census in 2016, the Brazilian population self-described skin colour distribution was 46.7% Pardo (multiracial/brown), 44.2% White, 8.2% Black, and the remaining Asian and native indigenous (IBGE 2017) .
There are varying climates across the country yearround, but most of the territory is considered to have a typical tropical climate. Despite seasonal and meteorological variations, UVB radiation availability is very high throughout the year in most of the country (Correa 2015) . Levels of UV radiation are constantly high in all Brazilian territories and commonly above UV Index of 8, classified as very high (UV Index is a standardised scale of UV radiation at the earth's surface). In regions closer to the equator (north-central and northeast Brazil), the UV Index is above 12, classified as extreme, during most of the year (Correa et al. 2003) .
In 2014, the Brazilian Society of Endocrinology and Metabology (SBEM) published a consensus document on its recommendations for the diagnosis and treatment of vitamin D deficiency (Maeda et al. 2014) . The document recommends a daily vitamin D intake of 15 lg for the general adult population and 37.5-50 lg for at-risk groups (elderly, pregnant or breastfeeding women, patients with rickets/osteomalacia, osteoporosis, patients with a history of falls and fractures, secondary causes of osteoporosis -diseases and medications, hyperparathyroidism, inflammatory diseases, autoimmune diseases, chronic kidney disease and malabsorption syndromes -clinical or postsurgical) to maintain vitamin D levels above 75 nmol/l (Maeda et al. 2014) . These recommendations are based on the nutritional tables of the IOM and the Endocrine Society, in the US. The document defines vitamin D status as deficiency for serum 25OHD concentrations below 50 nmol/l, insufficiency for concentrations between 50 and 74 nmol/l and sufficiency for concentrations above 75 nmol/l (Maeda et al. 2014) .
In 2017, the SBEM and the Brazilian Society of Clinical Pathology/Laboratory Medicine (SBPC/ML) published a new consensus on vitamin D status definitions for the Brazilian population: a 25OHD level equal or above 50 nmol/l is recommended for the general population up to 60 years of age, and between 75 and 150 nmol/l is recommended for at-risk groups. Levels above 250 nmol/l are classified as a risk of toxicity and hypercalcaemia. However, SBEM and SBPC/ ML did not consider the daily intakes of vitamin D required to achieve these levels (Ferreira et al. 2017) .
Even though the geographical location of Brazil means that it has an abundance of sunlight, there is increasing evidence of insufficient concentrations of vitamin D (25OHD <50 nmol/l, defined according to SBEM and SBPC/ML) in the population. Table 1 presents the main studies investigating vitamin D status in Brazil conducted over the past 10 years, which indicate that there is a high prevalence of vitamin D insufficiency in Brazil, in different latitudes across the country. It is important to note that most of the studies only reported the prevalence of those with serum 25OHD less than 50 nmol/l or less than 75 nmol/l, and most did not examine influencing factors on vitamin D status besides age, body composition and latitude.
In most studies of regions with latitudes ranging from 8°to 30°South, there was a high proportion of the population with serum 25OHD levels below 50 nmol/l across different age groups, including adolescents, younger and older adults, post-menopausal women and the elderly. Studies conducted with elderly individuals in several different cities found a high prevalence of insufficiency (25OHD <50 nmol/l), including 28%-31.5% of the elderly population in Recife (latitude 8°S), 27.1% in Rio de Janeiro (22°S) and 55% in the city of São Paulo (latitude 23°S) ( Table 1) . Insufficiency was Vitamin D status in the Tropics also evident in younger adults; for example, 36.3% of adolescents had vitamin D levels below 50 nmol/l in Curitiba (latitude 25°S), 27% of adults in Salvador (12°S), 32% of adults in Bras ılia (15°S) and 57.4% of adults in Porto Alegre (30°S) ( Table 1) . In a healthy group (aged 18-80 years) in São Paulo (23°S), researchers observed a high prevalence of vitamin D deficiency and secondary hyperparathyroidism by the end of winter. A significant increase in 25OHD serum concentrations and a decrease in the prevalence of vitamin D deficiency were seen after summer. However, the improvement was dependent on age -older people had lower levels of 25OHD in winter and were less likely to show improved vitamin D status after summer (Unger et al. 2010) .
A study assessing vitamin D deficiency in 894 adults in Recife, Brazil, (8°S) (over 18 years of age, 59.1% female, 60.6% with a skin phototype between III and IV -the Fitzpatrick classification) according to sun exposure and skin type found a small difference in the prevalence of 25OHD concentrations below 75 nmol/l between those with a low and high sun exposure (71.2% and 67.9%, respectively). Furthermore, 28.5% had 25OHD concentrations below 50 nmol/l, and despite a high daily sun exposure, mean serum 25OHD was below 75 nmol/l (65.15 AE 25.92 nmol/l). Interestingly, in regard to skin type, concentrations below 50 nmol/l were observed in 55.6% of those with phototype I in contrast with 23.9% in those with skin phototype VI. The prevalence below 75 nmol/l was 88.9% for skin type I and 65.7% for type VI. The unexpected lower prevalence in those with darker skin might be explained by the habit of tanning amongst those with darker skins in sunny countries, leading to a higher sun exposure. This observation highlights the need for more robust studies in sunny countries into the specific local, cultural and ethnic influences on vitamin D adequacy and recommendations (Correia et al. 2014) .
Dietary sources of vitamin D in Brazil are limited, and the typical Brazilian diet does not contain much vitamin D (Maeda et al. 2014) . Oily fish are not typically available and few types of mushrooms can grow in a hot climate, and both are rarely eaten by Brazilians. Additionally, fortification of food products with vitamin D is not mandated and it is uncommon to find these types of fortified foods for sale. Although there is only limited research on use of vitamin D supplements in Brazil, a number of small studies suggest low rates of use -for example, 2% (n = 284) of elderly men (Cabral et al. 2013) , 7% of adults (n = 99) (Maeda et al. 2010) , 6% (n = 591) of adults (Maeda et al. 2013) and 10% (n = 243) of elderly men and women aged 65 years or over (Saraiva et al. 2007 ).
Conclusions
The Brazilian territory has continental dimensions, extending from 5°North to 33°South, with considerable climatic heterogeneity. Due to a large miscegenation, Brazil has a heterogeneous population in terms of cultural habits and origins, along with a broad spectrum of skin pigmentation. With most of its territory situated between the Equator and the tropic of Capricorn, Brazil is certainly among the countries with a greater extent of land in proximity to the sun, and there is enough UVB radiation to produce vitamin D in the skin throughout the year for people living in Brazil. However, the findings presented in this paper, indicating that vitamin D insufficiency is prevalent in Brazil, do not support the common assumption that the level of solar radiation in this country ensures the population has adequate vitamin D status.
As the Brazilian SBEM and SBPC/ML recommend that vitamin D levels should be above 50 nmol/l for the general population, few studies in Brazil have reported the prevalence of 25OHD levels below 25 nmol/l (which is the minimum threshold recommended by most advisory bodies to prevent poor bone health) and this makes it difficult to estimate the prevalence of vitamin D deficiency in this population. Further studies, reporting and assessing the prevalence of lower values, are necessary to accurately assess the extent of vitamin D deficiency as well as insufficiency in this population. There is also a need for further investigation into the influencing factors and their contribution to vitamin D levels on a population by population basis. Although the literature presented here indicates high prevalence of vitamin D insufficiency in Brazil, especially in the elderly, there are still few population studies that have considered vitamin D concentrations in relation to dietary intake, sunlight exposure and other influential factors.
In conclusion, vitamin D insufficiency in Brazil appears to be more prevalent than expected, within all age groups and both sexes. More research is required to better estimate vitamin D insufficiency and deficiency in the Brazilian population and to help establish realistic and meaningful recommendations for both vitamin D optimal status and dietary intake. Given skin cancer risk is increased in sunny countries, increasing dietary intake of vitamin D (via supplementation or fortification) could be the most appropriate approach to tackle low vitamin D status. Recommendations for specific groups could be considered to ensure the whole population achieves adequate vitamin D status.
